We have cloned from Bacillus subtilis a novel protease gene (nprB) encoding a neutral protease by using a shotgun cloning approach. The gene product was determined to have a molecular mass of 60 kDa. It has a typical signal peptide-like sequence at the N-terminal region. The expression of nprB can be stimulated by using a B. subtilis strain, WB30, carrying a sacUh mutation. Expression of this protease gene results in production of a 37-kDa protease in the culture medium. The first five amino acid residues from the N terminus of the mature protease were determined to be Ala-Ala-Gly-Thr-Gly. This indicates that the protease is synthesized in a preproenzyme form. The purified protease has a pH optimum of around 6.6, and its activity can be inhibited by EDTA, 1,10-phenanthroline (a zinc-specific chelator), and dithiothreitol. It retained 65% of its activity after treatment at 65C for 20 min. Sequence comparison indicates that the mature form of this protease has 66% homology with the two thermostable neutral proteases from B. thermoproteolyticus and B. stearothermophilus. It also shares 65, 61, and 56% homology with the thermolabile neutral proteases from B. cereus, B. amyloliquefaciens, and B. subtilis, respectively. The zinc-binding site and the catalytic residues are all conserved among these proteases. Sequence homology extends into the "propeptide" region. The nprB gene was mapped between metC and glyB and was not required for growth or sporulation.
The recent efforts to clone and characterize protease genes from Bacillus subtilis have clearly established that B. subtilis secretes at least five extracellular proteases into the culture medium at the end of the exponential phase. They are the neutral protease A (48), subtilisin (alkaline protease) (34) , extracellular protease (45) , metalloprotease (31) , and bacillopeptidase F (32, 47) . The structural genes encoding these proteases have been cloned and characterized. All of these proteases were synthesized in forms of "prepro" enzyme. Both subtilisin and neutral protease A are considered major proteases since their activity accounts for 20 and 70%, respectively, of total protease activity in the culture medium (14, 34, 48) . While these proteases are thermolabile, a thermostable neutral protease (thermolysin) from B. thermoproteolyticus has been purified (4) and characterized (21, 22, 26) . The B. subtilis neutral protease A (mature form) shows 56% homology with thermolysin. Two other thermolysin-related neutral proteases have also have been purified from B. stearothermophilus (6, 23) and B. cereus (5, 29) . They share 92 and 84% homology with thermolysin, respectively. This family of homologous neutral proteases serves as an excellent model system to study the structural bases of thermostability and the functional roles of the pro sequence. In this paper, we report the use of a shotgun cloning approach to clone a novel neutral protease gene (nprB) from B. subtilis. Characterization of the protease gene and its gene product is described.
MATERIALS AND METHODS Materials. Restriction enzymes and a random primer labeling kit were purchased from Bethesda Research Laboratories, Boehringer Mannheim Biochemicals, and Pharmacia, respectively. The Sequenase sequencing kit was from United States Biochemicals. Escherichia Bacterial strains and media. B. subtilis DB102 (his nprR2 nprEI8) and DB104 (his nprR2 nprEJ8 aprAA3) (7) and E.
coli DH5a [4+80dlacZ M15 endAl recAl hsdRJ7 (r-m-) supE44 thi-1, A-gyrA relAl F-A(lacZYA-argF)U169] were used for routine transformation. WB30 (his nprR2 nprE18 aprAA3 sacU1200) (16) was used for expression of the cloned nprB. B. subtilis strains were cultivated on tryptose blood agar base (Difco) or Schaeffer sporulation (SG) (17) agar plates. For detection of proteolytic activity, SG plates containing 1% skim milk were used. E. coli carrying plasmids was cultured on YT agar plates (19) or in LB broth containing 75 ,ug of ampicillin per ml.
Cloning of nprB. Chromosomal DNA was isolated from B.
subtilis DB104 as described previously (46) . Total DNA (150 ,ug) was partially digested with Sau3AI (5 U) at 37°C for 60 min. The digested DNA was applied to a 0.7% agarose gel. DNA fragments of 2 to 5 kb were size fractionated and electroeluted. Chromosomal DNA was then ligated to BamHI-digested pUB18 (43) , a derivative of pUB110 carrying a polylinker sequence from pUC18. The ligation was done at a ratio of insert to vector DNA of 3:1. The ligated DNA was transformed into DB104 by using the competent cell method (33) . Transformants were plated on an SG-skim milk plate containing 10 pug of kanamycin per ml. Colonies surrounded by a bigger halo were selected for further characterization. DNA sequence determination. DNA sequencing was performed by using double-stranded plasmids with the chain termination method (19) . dGTP was replaced by dITP in some reaction mixtures to overcome compression.
Protease assay. The proteolytic activity (47) was determined by using resorufin-labeled casein (Boehringer Mannheim) as substrate in accordance with the standard protocol In vitro synthesis of prepro-neutral protease B. Two plasmids were constructed to have nprB under the control of either the T7 or lambda promoter. The entire nprB (a 1.6-kb PstI-Sall fragment) was installed downstream from the T7 promoter in pT7-6 (37) to generate pT7-NPRB. A 1.6-kb KpnI-PstI nprB fragment was also inserted downstream of the lambda PL promoter in the pLC2833 derivative (25) , pPL19, to generate pPL-NPRB. pPL19 was constructed by replacing the EcoRI-HindIII polylinker region of pLC2833 with that of pUC19. Since no unique restriction enzyme sites could be found between the upstream terminatorlike structure and the ribosome-binding site of nprB, the nprB fragment used in these constructions was synthesized with a pair of synthetic oligonucleotides through 30 cycles of polymerase chain reaction (27) . The (19) . DNA probes were labeled by using the random primer labeling kit. SDS-polyacrylamide gel electrophoresis was performed as described by Laemmli (16) . Electroblotting of proteins to the Immobilon membrane for protein sequence determination was performed by the method of Matsudaira (20) found to carry the mutated nprE which encodes neutral protease A. This observation indicated that a defective nprE produced a significant quantity of biologically active protease when it was inserted into a multicopy plasmid. The remaining clone was found to carry a 2.4-kb insert. This plasmid was named pNPRB. Location of the protease gene within the cloned fragment. The restriction map of the cloned 2.4-kb fragment was determined and is shown in Fig. 1 . It was different from those of all other known protease genes from B. subtilis. Thus, this fragment was likely to carry a structural gene encoding a novel protease. To determine the location of the protease gene within this fragment, deletions were made to remove either the left or the right arm from the fragment. As shown in Fig. 1 (38) . The first 28 residues from the N terminus resemble a typical signal peptide sequence, with a short sequence containing two positively charged residues which is followed by a long hydrophobic sequence and a potential signal peptidase cleavage site (Ala-Ser-Ala). This site was assigned by using the method of von Heijne (41 10 ,ug of kanamycin per ml. The plate was incubated at 37°C for 24 h. (B) Cells were cultured in SG medium with 10 ,ug of kanamycin per ml. Protease activity in the supernatant was determined. Symbols: +, growth curve of the cell;@, A, 0, and A, protease activity during growth of WB30(pUB18), WB30(pNPRB), DB104(pUB18), and DB104(pNPRB), respectively.
should be composed of 314 amino acids, and the calculated molecular mass is 34 kDa. This predicted molecular mass agrees closely with that of the mature enzyme as determined by SDS-polyacrylamide gel electrophoresis.
Characterization of neutral protease B. On the basis of homology with neutral proteases and thermolysin, neutral protease B is predicted to be a zinc-dependent neutral protease. The pH profile of the purified 37-kDa neutral protease B was determined. It had a pH optimum of 6.6 when the proteolytic activity was determined with resorufinlabelled casein as the substrate (Fig. 6A) . The thermostability of the purified 37-kDa protease was also determined (Fig.  6B ). This protease retained 85% of its activity after a 20-min incubation at 60°C with 10 mM Ca2+ in buffer and became unstable at a higher temperature. As shown in Table 1, 95% of the protease activity can be inhibited by either a zincspecific chelator, 1,10-phenanthroline (1 mM), or a metal chelator, EDTA (5 mM). The enzyme is resistant to phenylmethylsulfonyl fluoride and iodoacetic acid. Dithiothreitol (DTT) at a concentration of 5 mM can inhibit 41% of the proteolytic activity. No further inhibition can be observed even with higher concentrations of DTT. Since the mature protease sequence has no cysteine residues and DTT can chelate the metal ions (2, 11) , the inhibition by DTT and other metal chelators confirmed that neutral protease B is a metalloprotease.
Neutral protease B is synthesized in a precursor form. According to the sequence analysis, neutral protease B was predicted to be synthesized in a preproenzyme form with a molecular mass of 60 kDa. This 60-kDa precursor could not be detected in vivo from the cell extract of WB30(pNPRB) by Western blot (immunoblot) analysis (data not shown). To overcome the problems associated with the rapid in vivo processing, nprB was installed in pT7-6 and in pPL-19. The expression of nprB was controlled by either a T7 or a lambda PL promoter. By using pPL-NPRB and HinclI-linearized pT7-NPRB as templates for an E. coli in vitro transcription and translation analysis (44) , an extra 60-kDa protein (Fig. 7,  lanes 2 and 4) was observed. This observation is consistent with the prediction from sequence analysis of the nprB ORF.
nprB is a nonessential gene. WB308, an nprB-deficient strain, was constructed. The integration of pNBC into the nprB locus was confirmed by Southern blot analysis of the PstI-digested chromosomal DNA from WB308 with either nprB or cat as the hybridization probe (data not shown). WB308 grew normally in both LB and SG media. No difference in sporulation frequency could be observed for WB308 and B. subtilis 168 (108 spores per ml from both strains).
Location of nprB in the B. subtilis chromosome. The transduction results indicated that the inserted cat gene is located between metC (70% cotransduction) and glyB (53% cotransduction) and is weakly linked to nprE (neutral protease A). This result again indicated that nprB is different from nprE. (40) , since a higher level of nprB expression can be achieved by using a sacU' strain. The sacUh mutation has been shown to stimulate the production of many extracellular enzymes from B. subtilis, including neutral protease A, (35, 36) , senS (regulatory factor that can stimulate the production of extracellular enzymes) (42, 46) , and tenA (another regulatory factor which has functions similar to those of senS) (24) operons in B. subtilis and the bgl (P-glucoside) operon in E. coli (1, 12) .
Depending on the location of the nprB promoter, the upstream terminatorlike sequence can possibly function as a transcription terminator for the upstream genes or as a regulatory sequence to modulate the expression of nprB. 
a Amino acid residues are numbered according to the thermolysin sequence. 
aAmino acid residues are numbered according to the thermolysin sequence.
Neutral protease B is shown to be synthesized in the form of a 60-kDa precursor. In fact, all other known extracellular proteases produced from B. subtilis are synthesized as preproenzymes. The functional role of a propeptide sequence is suggested to mediate the folding of the protease. It has been well characterized in the case of subtilisin. Removal of either the entire pro sequence or just the first 15 amino acids from the propeptide results in production of inactive forms of subtilisin (13) . Furthermore, the unfolded mature subtilisin can be reactivated by the exogenous addition of a mutated prosubtilisin with its catalytic Asp-32 changed to Asn (49) . In this case, the pro sequence can function in trans to reactivate the mature subtilisin. A similar observation has been reported from the study of Lysobacter enzymogenes cx-lytic protease (30) . These data demonstrate that the pro sequences function in guiding the folding of proteases. Since the neutral protease A of B. subtilis and the neutral protease of B. stearothermophilus share homology with neutral protease B, it would be interesting to compare the homologies of the pro sequences of these proteases. The length of these pro sequences is around 200 amino acids. Sequence homology within the propeptide region can be observed (Fig. 8) . Interchange of these pro sequences with respect to the mature protease sequences may provide some insights into the functional importance of conserving these sequences.
Among all known neutral proteases produced by bacilli, thermolysin is the best characterized structurally and enzymatically (21) . The protein sequence (39), three-dimensional structure (10, 22) , and catalytic mechanism (21) have been determined. Thermolysin requires a zinc ion for catalysis and has four calcium-binding sites. Removal of three to four calcium ions results in a loss of thermostability (26) . The binding of calcium is also required to protect the surface loops against autolysis. By using the thermolysin sequence as a reference, sequence homologies of these proteases were compared (Fig. 3) . The zinc-binding site (His-142, His-146, and Glu-166) is conserved in all six enzymes. In thermolysin, at least five residues (Asn-112, Ala-113, Glu-143, Tyr-157, and His-231) participate in the catalytic reaction and the positioning of the substrate backbone in the active site (7). These residues are found at homologous positions in other enzymes (Table 2) . Based on crystallographic studies of complexes of dipeptide inhibitors to thermolysin, the active site of thermolysin contains at least four subsites, S2, S1, S1', and S2' which participate in binding the extended substrate. These subsites contribute to the substrate specificity. Identical residues are found at the corresponding positions in neutral protease B, except that Phe-114 at S, is replaced by Ala (Table 2) . This difference may result in a minor change in substrate specificity in neutral protease B. The four calciumbinding sites in thermolysin were also used as a reference for comparison with other homologous neutral proteases (Table  3) . Calcium-binding sites 3 and 4 are clearly missing in the thermolabile neutral proteases from B. amyloliquefaciens and B. subtilis (NprA). For neutral protease B, site 3 is missing and a significant change of an amino acid within the double calcium-binding site (sites 1 and 2) can be observed (i.e., Asn-187 in thermolysin was replaced by arginine in neutral protease B). The introduction of a positively charged arginine residue at this position may deter the binding of calcium at both sites 1 and 2 because of electrorepulsion. Thus, it is not surprising to find that neutral protease B is not a thermostable protease.
